large for nonsurgical treatments, 16 a craniotomy for evacuation of the hematoma or hemorrhage may be required.
However, even with a craniotomy, reported postoperative morbidity and mortality rates for patients with intracranial hemorrhage remain high; recovery from such aggressive treatment can be prolonged, and failure to return to baseline is common. Studies from the 1980s report mortality rates ranging from 65% to 90% after craniotomy for evacuation of acute subdural hematomas. 13 By the 1990s, mortality rates for the same procedure had dropped to between 25% and 58%. 8, 20, 35 Previous neurosurgical studies have also demonstrated age-dependent morbidity and mortality rates, with younger patients faring better than older patients undergoing craniotomy for intracranial bleeding. 13, 35 However, current advances in imaging, rapid diagnostics, medical management of hemodynamic properties, and surgical techniques have improved patient outcomes, 36 and a further decrease in mortality associated with treatment for intracranial bleeding has been demonstrated; in 2008, postoperative mortality associated with craniotomy for evacuation of acute subdural and epidural hematoma ranged from 22% to 41%. 17, 33, 34 It is plausible that this overall decrease in mortality may also be reflected by improved survival among older patients. Given the breadth and scope of medical and surgical advancements, this raises an interesting and valuable question: Do older patients continue to suffer higher morbidity and mortality rates than younger patients following evacuation of intracranial hematoma and/or hemorrhage? Because older age is a risk factor for intracranial hemorrhage after head trauma, this question is of increasing importance, as the geriatric population grows in size and the costs and efficacy of end-of-life care continue to be a contentious topic of debate. 7, 12, 26 An improved understanding of the potential risks of craniotomy for treatment of intracranial hemorrhage in patients over the age of 80 years may allow physicians to make better-informed decisions about treatment options for this population. As there is a paucity of research that has assessed outcomes and morbidity following neurosurgical interventions among these patients relative to younger patients, we assessed the relation between older age and 30-day postoperative outcomes following craniotomy for evacuation of intracranial hemorrhage and hematoma due to closed head trauma. The age criterion used in this study was patient age over 80 years at time of surgery; this criterion was chosen because there has been a significant rise in the number of patients over the age of 80 in the US in the past several decades. 38 Also, end-of-life decisions may be more relevant in this population than in patients between 65 and 80 years of age, who would be included in our exposure group if traditional geriatric cutoffs were used.
Methods and Materials

Data
Electronic medical records, including patient records and intraoperative anesthesia records, at the University of Michigan Health System were queried to identify all adult patients undergoing craniotomy for evacuation of hematoma or hemorrhage between the beginning of 2006 and the end of 2009. We identified all patients suffering closed head trauma resulting in intracranial hemorrhage and hematoma requiring evacuation. The indications for craniotomy for evacuation of hematoma were hemorrhage with mass effect and/or neurological decline. Of the 111 consecutive patients identified, 8 patients with additional comorbidities and diagnosis of HIV/AIDS, multiple cranial hematomas, brain tumors/lesions, or skull fractures requiring cranioplasty were excluded from this analysis since these comorbidities required additional medical and/or surgical intervention that might confound the analysis. In all cases, intraparenchymal hematoma, subdural hematoma, or epidural hematoma was diagnosed by imaging.
Our covariate set for this study included demographic and baseline clinical variables: age at surgery, sex, BMI (calculated using the standard formula of weight in kg/ [height in meters] 2 ), and prior diagnosis of diabetes mellitus, coronary artery disease, or hypertension. Cranial nerve deficits potentially resulting from intracranial hemorrhage were noted as well. In addition, presentation GCS scores were recorded. Computed tomography scans were analyzed to determine the type of hematoma, maximum thickness of the hematoma, and degree of midline shift of the brain. Thickness and midline shift were included in our data and reported in millimeters.
Preoperative laboratory blood values were also recorded: including serum creatinine, hemoglobin, international normalized ratio of blood coagulation, platelet count, and partial thromboplastin time. Intraoperative parameters of interest included estimated blood loss (not including the volume of blood from the hematoma), operative time (defined as first incision to last surgical dressing), need of blood transfusion, and complications.
Postoperative outcomes with which we were concerned included length of stay in the ICU until transfer to the general floor (ICU stay immediately after surgery was counted as Day 1), total length of stay in the hospital (date of admission to date of discharge), requirement for rehabilitation, and return to baseline status (defined as return of the patient's normal physiological and mental status before the incident of intracranial bleeding). Return to baseline was measured subjectively by the associated neurosurgical care team based on patient self-report.
Complications (which include any neurological deficit detected after surgery compared with findings on preoperative examination, whether transient or permanent, as well as any perioperative or postoperative events that required medical or surgical intervention up to 30 days after surgery) and 30-day postoperative mortality data were collected. Complications included cardiac complications (arrhythmias, myocardial infarct, and cardiac arrest), infection (urinary tract infection, pneumonia, wound infection, cellulitis, pseudomembranous colitis, and sepsis), reoperation, neurological complications (deficit, hydrocephalus, pseudomeningocele, seizure, and coma), other complications (renal failure, bleeding/anemia, pulmonary embolus, deep vein thrombosis, delirium, respiratory failure, ileus, and malignant hypertension), and death.
This study was reviewed and approved by the Medical Sciences Institutional Review Board of the University of Michigan.
Analysis
First, univariate statistics were used to describe our sample. Second, we employed bivariate chi-square tests to identify significant associations between covariates of interest and categorical outcomes (rehabilitation, return to baseline, complications, and mortality), along with ANOVA to assess significant associations between explanatory covariates of interest and continuous outcomes (ICU and total hospital stay).
Third, multivariable logistic regression models of likelihood for rehabilitation, return to baseline, 30-day mortality, and complication risk were fit and were adjusted for potential confounders. We adjusted for covariates found to be significantly associated with postoperative outcomes in bivariate chi-square tests. Fourth, ANCOVA models of ICU stay and hospital stay by various covariates were fit and were adjusted for covariates found to be significantly associated with the outcomes of interest by ANOVA.
Further analysis of the distribution of complications by type (cardiac, infection, reoperation, neurological, and other) and by age group (> 80 vs ≤ 80 years) was also performed. If a patient had a particular complication type, he or she was counted as 1 patient for that complication category. Patients with more than 1 type of complication were counted as 1 patient in each of the specific complication categories. Chi-square tests were used to assess the statistical significance of age-dependent differences in complication risk.
Results with probability values less than 0.050 were considered significant. This study was powered to detect a minimum odds ratio of 1.92 for patients older than 80 years relative to those 80 years or younger with 80% power and a = 0.05. Posthoc power analysis was run using NCSS Power Analysis and Sample Size. All other statistical analyses were run using SAS 9.2 (SAS Institute). Table 1 shows demographic characteristics and the results of bivariate chi-square tests between covariates and 30-day complications and mortality. Overall, 61 patients had complications (a complication rate of 59.2%). There were no reported intraoperative complications (all complications were postoperative). Difference in age was significantly associated with complications (p = 0.012). Patients older than 80 years had a complication rate of 81.5%, which was higher than those aged 50-80 years and those younger than 50 years (58.3% and 45.0%, respectively). The overall mortality rate after craniotomy was 25.2%. Although patients older than 80 years had slightly higher absolute rates of mortality, there was no significant difference between the 3 age groups. Table 1 also describes covariates that are associated with return to baseline and need for rehabilitation. Age was not associated with significant differences in return to baseline (p = 0.816). Of 103 patients, 36.4% required rehabilitation.
Results
Age was significantly associated with requirement for rehabilitation (p = 0.037). In the groups of patients younger than 50 years and patients between 50-79 years, 25.0% required rehabilitation; this percentage was significantly lower than in the group of patients who were older than 80 years (51.9%). Table 2 shows postoperative ICU and hospital stay, as well as the results of an ANOVA between explanatory covariates of interest and both outcomes of interest among patients in our sample. The mean postoperative ICU stay was 4.6 days in the total group (103 patients). Age was not associated with a significant difference in postoperative ICU stay (p = 0.137). The mean total hospital stay was 10.2 days in the total group. Older age was associated with longer hospital stay (p = 0.030). The mean duration of stay for patients younger than 50 years was 7.8 days, for those aged 50-80 years it was 10.0 days, and for those over 80 years old it was 12.8 days. Table 3 shows multivariable models of postoperative outcomes risk by age, adjusted for potential confounders. Age greater than 80 years was significantly associated with increased risk of postoperative complications after adjusting for potential confounders. Compared with patients younger than 50 years, the odds ratio of complications among patients older than 80 years was 5.74 (95% CI 1.29-25.34). Age was not, however, associated with significant risk for mortality. In addition, we found that patients older than 80 years were more likely to require rehabilitation compared with patients younger than 50 (OR 3.28, 95% CI 1.13-9.74). Both groups of patients 50 and older returned to baseline at a rate similar to the rate observed in patients younger than 50 years. Table 4 shows the results of ANCOVA models of postoperative ICU stay and hospital stay, adjusted for potential confounders. Both ICU and hospital stays were significantly longer in patients older than 80 years (p = 0.039 and p = 0.014, respectively, for comparison with patients younger than 50 years). Table 5 reports the specific postoperative complications in patients over 80 years old and patients 80 years or younger. The most common complication among the older group was infection; 37.0% of the 27 patients older than 80 years had at least 1 infection (Clostridium difficile causing pseudomembranous colitis, pneumonia, cellulitis, or sepsis).
Age-dependent differences in risk for specific complications are shown in Fig. 1 . Infection was the only category with statistically significant age-dependent differences in prevalence (p = 0.005). The prevalence of infection among the patients older than 80 years was 37.0% and the prevalence of infection among those 80 years of age or younger was 10.5%. There were no other statistically significant differences in complication rate by age: cardiac (p = 0.089), reoperation (p = 0.950), neurological (p = 0.979), and other (p = 0.829).
Discussion
In this study about the relation between age and postoperative outcomes following closed head injury and emergent craniotomy for evacuation of hematoma, we found that patients over 80 years of age had significantly higher rates of postoperative complications, had significantly longer hospital stays, and required rehabilitation more frequently than patients 80 years old or younger. However, the rate of mortality and return to baseline among this population was similar to what was found in younger patients. Taken together, our findings suggest that, compared with younger patients, older patients may be similarly able to return to functional baseline, but may require added postoperative medical attention in the form of rehabilitation and longer hospital stays. Similar likelihoods of return to functional baseline and nonsignificant differences in the rate and risk of mortality were unexpected, as past studies have demonstrated worse outcomes and higher mortality rates following neurotrauma in older patients than in younger patients. 3, 12, 13 Our findings suggest that advancements in the management of intracranial hematomas, particularly postoperative ICU care and rehabilitation, may mitigate the increased risk of death traditionally associated with older age in past studies. There is some literature that has supported these findings. A recent study showed promising outcomes in older patients after neurosurgical intervention for intracranial hemorrhage and hematoma. 1 Also, a cohort study done by Baechli et al. 5 showed that of 354 patients, those older than 65 years of age had rates of mortality similar to those of younger patients after undergoing neurosurgical interventions for subdural hematoma. Age may not be an adequate indicator for likelihood of postsurgical recovery; rather a clinical metric of frailty 32 and other preoperative parameters 22 have been shown to be effective in predicting survival rates postoperatively. Also, regarding the value of neurosurgical treatment among the elderly, a recent study showed that patients 70 years and older with subarachnoid hemorrhages had favorable clinical outcomes, and concluded that age should not preclude treatment. 4 Age above 80 years was a significant predictor of complications after emergent craniotomy for evacuation of hematoma in our study. In particular, patients older than 80 years had significantly higher rates of infection. 4.2 ± 3.4 9.3 ± 6.6 >10 3.5 ± 3.5 8.1 ± 7.0 serum creatinine (mg/dl) 0.242 0.793 <0. 5 9.5 ± 0.7 13.5 ± 0.7 0.5-1. 4 4.3 ± 4.4 9.7 ± 7.9 >1. 4 5.0 ± 4.8 10.4 ± 9.9
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This was expected and may be attributed to a less robust immune system and consequent higher risk for infection in older patients. 18, 29 Moreover, the natural symbiotic flora may be less able to defend against pathogenic bacteria that colonize the intestines as the gastrointestinal tract changes with age, 6 making older patients more susceptible to nosocomial infections. The higher rate of postoperative complications we found may also contribute to significantly longer hospital stays as well, 19 which has been suggested in past studies. 23, 28 However, even in the presence of increased risk of complications, rates of mortality and functional recovery were similar between all age groups. An article by Ghaferi et al. 11 discussed the concept of "failure to rescue" which essentially describes mortality after postoperative complications-our findings suggest that the management of postoperative complications in older patients has been effective in steering them through their postoperative course.
There are several limitations concerning the findings of the presented research. First, this study was retrospective; therefore, it is plausible that the associations we noted may have been confounded by underlying factors not explicitly studied, but associated with both exposures and outcomes. Second, the study included analysis of data from patients in one context and may limit the generalizability of the findings. Third, although we based our delineation of age groups on previous research in the area, because of our treatment of age as a categorical rather than continuous variable, our findings do not suggest any linearity or highlight trends with regard to the relation between age and outcomes following craniotomy for intracranial hemorrhage.
Despite these limitations, our findings have important implications for clinical management as well as future research. As previously established, intracranial hemorrhage and hematoma can lead to neurological deterioration, death, or both. Even with emergent medical and surgical interventions, morbidity and mortality rates are high. Our work may be of interest to clinicians and healthcare policymakers when considering the surgical management of intracranial bleeding in older patients. In complement to prompt diagnosis, which can prevent morbidity, 14 our findings suggest that rehabilitation and longer hospital stays among older patients may yield outcomes similar to those of younger patients after craniotomy for evacuation of intracranial hemorrhage and hematoma.
In addition, our findings may be important for endof-life care guidelines, more broadly. Craniotomy remains a valid and safe technique for the management of older patients with emergent intracranial bleeds 14 and is particularly important 37 and successful in treating elderly patients, 7 but is an expensive procedure. 21 It has been reported that the average craniotomy procedure itself costs $15,867 at high-volume centers. 21 Nevertheless, taken with findings that have demonstrated that quality-of-life scores remain high for elderly survivors after undergoing craniotomy for intracranial hemorrhage, 30 our findings suggest that with some added care, patients over the age of 80 may recover as successfully as younger patients and that these costs may be warranted among this population. Our findings also demonstrated that age greater than 80 years predicted the need for rehabilitation after undergoing craniotomy. A study by Cope and Hall 10 has suggested that implementing rehabilitation programs after head injury is effective, and in light of our findings, rehabilitation programs that cater specifically to older patients may further improve postoperative recovery and may be warranted. Investigators interested in postneurosurgical sequelae in patients over the age of 80 might consider the relation between age and similar outcomes among patients undergoing different interventions such as spinal fusions, aneurysms requiring craniotomy, and craniotomy for tumor resection. In addition, large prospective studies concerned with the relation between age and intra-and postoperative outcomes following craniotomy for intracranial hemorrhage are needed.
Conclusions
Compared with younger patients, patients over 80 years of age may have a higher risk for postoperative complications and significantly longer ICU and hospital stays after undergoing craniotomy for evacuation of hemorrhage and hematoma. However, with rehabilitation, older patients are able to return to their functional baseline at rates similar to those of younger patients within a 30-day period and have no added 30-day mortality risk. Our findings may allow for more informed decisions when approaching the care of older patients with intracranial hemorrhage.
